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Variable Mach  number superscmic flows have been generated in a - * 
by G-inch fixed-geometry rectangular tunnel by removal of a i r  through 

longi tudhal  slots of several p o f i l e s  and proportions. The nature of 
the f low over a range of  Mach nunibers up to 1.45 is shown in schlieren 
photographs and pressure distributions along the t-1. The most 
uniform f low was produced by removal of a i r  through 8 5 ingle  s l o t  fn a 
f la t   surface 

2 

The u t i l i t y  of a conventional fixed-geometry wind tunnel for 
t e s t i n g  is seriously  res-krfcted in the su$m?sonic regime b e a w e  of its 
l imitat ion  to  a single Mach nmiker. This limitatian  has been overcome, 
to a ce r t ah   ex ten t ,  by the use of interchangeable nozzle blocks,  but 
this system is complicated by difYiculties in construction, assembly, 
and storage of many sets of blocks; and w i t h  each set of blocks the 
tunnel operates a t  a s-le Mach nmiber. Several systemEl of cantinu- 
ously -mrylng the tunnel gem-  have been trie-d and continuous  vari- 
ations in Mach number obtained. One solution  involves  the use of 
e las t ic  walls e i c h  are flexed t o  the desired &ape. Other msthods u89 
nonelastic  blocks the position of which is variable  either by trans- 
l a t ion  or rotation. Examples of these l a t t e r  systams are fomd in 
references 1 and 2. A different approach t o  the problem of obtaking 
a  continuous range of Mach nmiber involves  variation of t;he amaunt of 
air flowing through a fixed-gecazletry system. m e  advantages of a fixed-gecazlem supersonic  tunnel with a continuous Mach nmiber are 
obvious. 31 the  s3sonic reglme, it has been found possible to elimi- 
nate whd-tunnel boundary correctians and t o  avoid  tunnel-comtriction 
effects a t  Mach numbers close  to  unitq by the use of multiple longi- 
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tud ina l   s lo t s   in  the turme1’waU.s (reference 3) .  The present resepch was 
conducted in a rectangular slotted tunnel with glass side walls t o  permit 
v i e d  observation of the flow 88 well as pssure xmasuremnts, A limited U’ 

range of s lo t  shapes has been studied t o  detemine the influence of slot 
area  ratio,  depth, profile, and distribution on the flow. In each cop- 
figuration, slot profile was constant throu&out the length of the 
channel. The size and proportions of the tunnel were determined by the 
equipment available st the Langley inauction aerodynamics laboratory and 
are not necessarily opt- f’rm the aerodynamic viewpoint. This work 
was initiated in Noveniber 1947 aid is continuing  with  investigations .of 
the fundaznentals of flow in to   s lo t s  from supergonic  streams and of the 
flow inside the slots. Other work is In pgress t o  determine the  effect 
of the slotted -1s on tunnel choking and ahock reflection. 

The general  arrangemnt of the experimsntal e q u l p n t  used in t h i s  
investigation fe shown i n .  figure 1. The a i r  i E  accelerated to &mfc 
velocity In BTI entrance b e l l  w i t h  a contraction  ratio of agprod- 

m t e l y  7O:l. The tunnel tested m e  a *- by &Inch ccwtant-cross- 

Begtion rectangular tlibe apPr0”kely 17 inches lmg with the s lo t s  in 
m e  wall. The use of only m e  slot ted wall coz~esponde approximately 
t o  the use of an p p m t r i c a l  nozzle r e s u l t h g  frcan replac- the plane 
of symue-bry of a spnmtrical  nozzle with a solid surface. This simpli- 
fication in design greatly reduces -the construction required and elimi- 
n a t e ~  the complication of coordhated removal of air from two surfaces 
t o  obtain axial f low along  the plane of s”. The slotted walls 
were assaribled as   hdividual  units of bare separated t o  form the s lo t6  
of constant  cross  sectfon. The Blot6 in the original instal la t ion were 
divided Anto 12 compartments by transverse bullrhea& inch below tke 
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surface of the  slotted  wall and f i t t e d  with individual butterfly valves 
in an e f for t  t o  obtain  longitudinal control of the rate of a i r  flow . 

into the slots. E a r l y  testf, indicated  that the -throttling action of the 
valvee in the cr i t ical   region  a t  the frpnt-of tihe slots was negligible 
because of the low a i r  yelocity through these cnnrpar-huenta. Severe 
disturbances of tihe flow resulted from an abrupt change in stream 
direction ahead of each bLU&ead. Therefore, the bull&eada were cut -t;O 

a point A inch below the b-ase of the 610’b and the valves were held ia 

the open position  throrghout these t es t s .  A typical  -8lotted-wall 
assembly is shown in figure 2 (a) and details of the lndi?idual bar 
profiles in figure 2 (b) Air flow into the slots effected by 
reducing the pressure . t n  the  plenum chamber below the S l O t 8 .  ’ A short .h 
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diff-er following the test eection was used t o  reduce the power 
required  to generate 8 given Mach nuuiber. 

Pressure orif ices  0.050 inch in diemeter were installed in  t he  
surface opposite the slot ted w a l l  and also in the plenum c-r below 
the s lo t s .  A total-pressure tub and thertuoc0ql.e were  Fnstalled ahead 
of the i n l e t   b e l l   t o  determine the stagnation  conditions. The pressure 
data were recorded  photographically f r c a n  mercury mameters which we- 
cluded the measuremsnt of stream-pressure  fluctuationH. Wet- and dry- 
bulb  temperatures  masured a t  t h e  blower intake were used in determining 
absolute humidity of the air supply. A schlieren  optical system of con- 
ventional design, using 6-inch mirrors, and a spark l i gh t  source pro- 
ducing intermittent flashes of a p p r o m t e l y  10 microseconds were used 
as an aid  for  vdeualization.of the flow. A rake of nine conical  tipped 
probes was inetalled # inches dcrwnstream f r a m  the leading edge of t he  

s l o t s  to facilitate  visual  observation. These probes were located both 
on the vertical  center line and laterally  across the tunnel, with the 
l a t e r a l  probes displaced enough vert ical ly  t o  faci l i ta te   Individual  
identification. 

cross-sectional area of channel 

minFmum mea of slot 

area of s lot ted w a l l  

sonic  velocity a t  stagnation  conditions 

c stagnation pressure 

height of channel 

mass f low 

s t a t i c  pressure along  refaection  plane 

s t a t i c  pressure below s l o b  

distance along axis of channel fram slot l i p ,  inches 

angle of f l o w  relatLm to porotzs wall . . 
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ratio  specific  heats " 

deviation of stream a t  test iection frcaa d i rec t ian   a t  M = 1.0 

density a t  stagnation point 

En a generalized  discussion of ~-dlmensiaaal steady flow through 
channels it has been shown by Taylor and MaCcoU (reference 4) that the 
f l o w  r a t e  and stream pressure are re lated as follows: 
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For a i r  7 = 1.4, the mass-flow term reaches a mximm a t  a value 
of - = 0.p8 which corres~onde to sonic  velocity.. Thui, eupersanic 

flow 2 < 0.528 c a i b e  obtained a t  canatant poao  by (1) increasing 

cross-sectional area A of the channel, (2) reduction of mss flow m 
by withdrawal of a i r  through "porom"  wall^,. o r  (3) by a combination 
of both ms-t;hoda. Charts f o r  desigrdng minimum-bngth shockless nozzles - 

have been calculated and are reported by  Shaross and Seashore (refer- 
ence 5 ) .  Similar calculations have been applied t o  a tube of constant- 
cross-sectional  area, equal to  t h a t   a t  the point of sonic v e l o c i ~ , ' t o  
aetem~ne the -angle o ~ ~ l o w  6 re lat ive - t o  the "poroua"  all and the 
portion of-air f low across a i s  surface (fig. 3) . The initid turn, 
equal t o  --half, of the tatal s.tseam deviation, was taken  abruptly 
at x/h equal t o  ,zero. The s e c p d  f+ly of characteristic lines was 
aseumed not t o   r e f l ec t  f r a m  t he  porou  surface. . 

P - .  . - 
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Calculated pressures a l c q  the center line of a symmatrical, two- 
dimsnsional  nozzle of minimum length are present& in figure 3(d)  for 
two values of init-ial stream  deflection. In the eqerlmental  setup, 
a i r  remml was effected through only one mu; the so l id  w a l l  opposite 
the "porous" surface therefore corresponds t o  the  plana of spmtry in 
the  theoretical  nozzle. Coqparison of experimsntal pressure data from 
a representat ive  cdigurat ion with .the calculated pressure distri- 
butions along this plane shows close agreemnt in the I n i t i a l   r a t e  of 
expansion. - To f a c i l i t a t e  this caparison, the theoretical preesure 
curves have been displaced upstream equally on all pressure p l o t s  in 
this paper. 

. .. 
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Effect of free-area  ratio.- The resul ts  of several tests with single- 
wall free-area  ratios of 1 1 and 2 are  presented f o r  canparable  values 

of c m e r - p r e s s u r e   r a t i o  L in figure 4. mese floor8 were con- 

strmcted of rectanguLar bars of &-inch depth. From the schlieren 
2 

photographs one gains the general.  impression of m o t h e r  flow in those 
cases where a i r  removal was  -ugh slots f o r  whic,h the total area 
was one-fifth of f21e wall  area. Ih c o m p a r a  these photographs, it 
should  be noted tha t   the   f ie ld  of view varies samswhat from one con- 
f igma t i an   t o  another. For cnnrparalile vahu313 of chaniber-pressure rat io ,  

, the Mach n&er of the flow, a s  indicated by the d o p e  of the disturbance 
l ines,  is greater f o r  the larger s lo t s .  ! J h  velocity  distribution in 
the direction of f low is indicated by the pressures msasured along the 
mflect ion p m  (figs. .4(b) t o  4(d)) m e  acceleration a t  the f ront  
of the slot ted sectim in a l l  cases  follows C l O S e Q  that  calculated 
from the Prandtl-Meyer turn. 

T 7 3 
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For camgarable values of chmiber-preseure ratio,   the comgmssion 
followtag the initial expamion  increases with reductim of 810% width 
This is not sur-pising slnce the pressure a t  the A.mt of the s lo t ,  
xhich control€! the extent of t h e  initial expansion, is influenced less 
by the s l o t  pressure 10SSeS than points flri%er downstream. The 
pressure a t  the forward edge of the s l o t s  approaches the chmiber 
pressure since the air velocity in t h i s  part  of -the s l o t  18 mdodtedly 
low. The cmg~ression foUow3ng the hitial expansion was observed in 
all tests in which (1) the  capacity of the s l o t s  was too small to 
handle the a i r  turned in the initial expamion at the pressure  ratio 
available, or (2) the flow e-anded abruptu  to a pressure corresponding 
to an ini t ia l   deviat ion of mre.  -than one-half the total devlation 
represented by the chaniber-pressure rat io .  This l a t t e r  phencrmsnon was 
obserped with  slotted walls that had a large free-area r a t io .  A l l  
reported  free-area  ratios were calculated  as the r a t i o  of minFmum slQt 
a rea   t o   t o t a l  w a l l  area of the slot ted wall. 

A t  comparable values of chauber-pressure r a t io  one also obsarves 
a marked decrease In maximum Mach number attained as t h e  r a t i o  of s l o t  
area t o  wall area is decreased.  This is attributed to the higher 
pressure loss through the smaller s lots .  

The effect  of increasing the absolute  stagnation pressure from 55 
t o  70 inches of mercury a t  cronparable values of ” is shorn in 

figure 4(b) . The reduced magnitude of the pressure variation f o n o x h g  
the i n i t i a l  expansion su@;gests that   the  loss  characteristics of the 
slots  are  not independent of the Reynolds nuDiber; the improvement may 

G 



also be influenced by the  increase in  stagnatian temperature and 
decrease in relative humidity of the a i r .  

Effect of Blot depth.- hta taken in tests of three surfaces with 
s lo t s  of equal width but  of  different depth are presented Fn figures 5 
to 7 0  A rake af conical-tipped survey probes has bean Imtalled a t  a 
dowtream  s ta t fon ' to   fac i l i t a te  analysis of the schlieren photogragha 
as w e l l  as to  provide a visual mans of observing Mach rimer gradients 
in the flow. The intensity of the wave image f r a u  these probes is 
indicative of the sensit ivity of the schlieren system. 

A t  Mach nmibers close to  tmity,  the flow irs spanned by multiple 
.shocks whose intensity and cancentration is cmiderably  lower with 
a i r  removal between the deeper bars. The fluctuation of the stream 
Mach  number tha t  occurred near unity, as maeured f r o a n  schlieren motion 
pictures, became .smaller 8s the streamMach n&er was increased, and 
a t  Mach nmibers above M = 1.1 the flow appeared stable. A t  Kach 
nmibers above 1.25 the uniform spacing and slope of Mach l b e s  Indi- 
cates  satiafactory  flow over the entire length of the schlieren 
pictures  for all cdigurations.   Parallelism of the rshocks flran the 
probes indicates very unifolga Mach nmber  across the tunnel as well as 
along the  vertical  center line. ExemFnaUm of the flow close  to the 
slotted w a l l  shows tha t  the subsonic layer above ths s lo t s  pers is ts  to 
much higher Mach nmbers in those tests with a i r  T e I m n l  through the 

-- inch- deep slots.  1 
8 

The i n i t i a l  expansion a t  the frat of the s lot ted section ia 
obeerved t o  follow the calculated curve suite closely  for  the -inch 1 

s l o t  depth (fig06(b)).  With the  1-inch  slots  (fig. 7(b)) ,  the eqe r i -  
montal pressure  distribution is essentially parallel t o  the theoretical- 
curve but is displaced d o ~ t r e a m .  The downstream displacement of the 
experimental curves  suggests the existence of a vortex f low a t  t h e  
f ran t  of the s l o t s  which would reduce the ra te  of turning of the flow 
a t  the extrelns forward edge  of the s lo t s  . Far the &-inch s l o t  depth, 

the difference between the t beo re t i cd  and the Etqerimental curves is 
not  considered  significant because of the l a rge  variation in Mach 
nmiber i n  the region ahead  of the slots. The campression follow3n.g 

. t h i s  premature expmsign also  apwars to  originate from a point ahead 
of the  s lot  entrance. A detailed  study of the flow an the nozzle 
surface in t h i s  region  fndicatea that the bo- layer in the corners 
of the c-er mmed upstreaih, in  s m  cases reach- poFnts as much 
as 2 inches ahead of the s lo ts  proper, where= no evidence of reverse 
flow could be found on the central   part  of the wall. It w i l l  be noted 
at  this  point  that  the  pressures ahead of the slotted  section are 
consis tentu lower in these figures than in figum 4. This difference 
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is at t r ibuted  to  differences in the inlet flow produced by small differ- 
ences In the entrance-bell profile  reeultlng f'rom a m f i c a t i o n  of' the  

a t  the joint  between the b e l l  and the test chamnel. 
entrance be l l  and from the fair-   required' to obtain a smooth contour 

From a cnmparison of the. curves, following *e lnitial expmion,  
it waa found that the ch&er-pessure  ratio  required to generate a 
gimn stream Mach rimer was cansistently m.al&r xith '-inch s lo t s  

throughout the r q e  of these bets .   elo ow M = 1.2 2 = 

slightly larger chaniber-pressure ra t ios  w e r e  required with the deep 
bars, bu t   a t  higher Mach numbers the  bar depth made l i t t l e  difference 
The hfluence of the survey tubes at the downstream end of the   t es t  
channel  precludes  evaluation of the  effect  of s l o t  depth on the length 
of channel  over which miform flow  could be obtained. 

B 
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Effect of slot  profile.- The ahape of the s l o t  entrance has been 
altered by, changhg the cross-sectional  profile of the individual bars 
mRMnp. up the s lo t t ed  wall. The influence of changes ln crom of the 

parison of figures 8 and 4 w i t h  f i gme  60 A t  comparable values of 
chmiber-pressure r a t i o  P, one obsemes considerably @?eater intensity 

of the disturbances ahead of the probes with a i r  removal between bars 
with triangular crowns The appearance of the flow in th8 immediate 
vicinity of the probes show l i t t l e  influsnce of s l o t  en" on the Mach 
rimer attained at a given v a u s  of do 

I bars from .f la t   to   semicylhdrical  and triangular is found 3n a can- 

- Ho 

Ho 
The most si@icant  difference in the pressure distribution 

along the reflection plane is the lncrease in intensity of the can- 
pressian followin@; the Mtial eqansion with the *iangular crowned 
bars. Minor differences are also obsemed in the chmiber-pmssure 
ratios required to  a t t a in  a given Mach nuniber. 

Tests using bars of lenticulm  cross  section provide additional 
information  regarding the influence of s l o t  profile. In them testa 
other paramters, tha t  is, s l o t  width, depth, and spacing, were also 
altered (fig. 2(b) ); the free-area r a t i o  baaed upon s l o t  area, 
however, was not  changed. W i t h  this c&i   a t im,  the flow disturb- 
ances are  sharply  concentrated  (fig.  lO(a) Y , w i t h  almost complete 
absence of Mach llnes through the remainder of the f l o w .  The pressure 
distribution along the reflection plane (fig. 100) 1 is very similar t o  
tha t  measured with the a i r  f low between bars w i t h  triangular cram. I 

Analysis of the flow through the slotted  sections of the channel . indicates  that  the  differences  associated with changes In s lo t   p rof i le  . - 
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originate-very  close  to the leading edge of the  slots.  h a l l  cases, 
the r a t e  of expansion I s  similar t o  that calculated f o r  the theoretical 
flow around 'a sharp cofmer.~ The extent of the initial flow deflection 
increases  with reduced obstruction a t  the  entrance level, but because 
the s lo t s  converge, part of the f l o w  .must retup..toyard its o r i g b a l  
path. The lat ter  turntng is accaplished through multiple  cmpressiom, 
the spacing of which. i-s determined by the depth of the convergent 
section of the s l o t  and by the r a t e  of convergence of -t;he s l o t .  Thus 
it appears un.likely that  satisfa.c.tory  flow will be generated by the 
flow of a i r  between triangular crowned o r  lenticular bars with abrupt 
transition from the closed  throat t o  the  slotted  section. The f l a t  
and the  circular crowned bars, on the other  hand, generate e q u a l l y  
satisfactory flom under the sarms conditions The f la t - -bars  appear 
t o  be more desirable from a construction  standpoint. 

Effect of slot  distribution.-  Tests of a w a l l  with the entire open 
area  concentrated in a stogle s l o t  a t  the center o f t h e  channel are 
presented In figure ll f o r  cnmparimn with the results obtained w i t h  
a i r  removal through multiple  rectangular s l o t s  of the same depth 
(fig. 6 )  . The . m a i n  f l o w  in each case  appears equally emooth from t h e  
schlieren photographs with but &.or .differences  exieting Fn the sub- 
sonic  layer  adjacent t o  the slotted  wall. The pressure distributions 
are, in general, more . u n i f . ~  with the sFngle s l o t  a t  the  higher Mach 
nmibers, but in the range below M = 1.15 the pressure variations 
along -the. channel a m  e.omswht lower w i t h  multiple s l o t s  The chmiber- 
pressure ratdos required t o  obtaln a  given Mach nmber were somewhat 
lower with the sin@;le.slot. 

The influence of s l o t  spacing can best be discussed by considering 
the individud slots a8 lines of pressure disturbances, t he  intem1Q 
of which decreases k t  %he direction of flow. Since, in  the ideal  case, 
all of these  disturbances produce expansion, their influence is confined 
t o  cones lying within @e Mach cone.. Each dist.grbance for ..which the 
i n t e n s i t y  decreases with increasing  distance f r a n  the axis of the cone 
produces a change in flow whose direction is always toward the axis. 
The influence of parallel.  disturbances w i l l  produce additive changes 
in flow in the region of intersection of the cones. Thus, a plane 
midway betwen  parallel cones of equal strength will define the region 
in which the net lateral change in the flow is zero. A t  a l l  points in 
this plane the flow will be directed toward _me  Intersection of t h i s  . 

plane with the wall contab- . the- a x i s  of the cones The required 
change in direction 0-e a i r  between the s l o t s  t o  planes parallel t o  
the wall is accomplished through compreesicrp waves which reinf'orce t o  
produce finite disturbances Fn the stze9u.. .&came increasing the 
distance  betmen paral&l cones decr@ses .k.oth the magnitude of the 
mutual interference and the apace .rate of change  of the flow d i rec t im,  
it seems apparent that  at  correspondiq-poFnts in the flow mre uniform 

,velocity will be obtained with a shgl-0 s lo t .  
." 
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Influence of instrum3ntatia.- The presence of the survey t&es in 
the channel  has  previously been observed t o  reduce the distance over 
which uniform velocity  could  be  obtained. The magnitude of this ef'fect 
is indicated by the difference between the  pressures measured abo-80 the 
single s l o t  with the. 'probes installed (fig. l l ( b )  ) and without  the 
probes (fig. l l ( c )  ) . The influence of t h e  probes a t  Mach nuribere 
below 1-13 extended far qstream, but a t  higher Mach nuuibem was con- 
f ined   to  the vicinity of the probes -themaelms . The magnitude of this 
influence is probably  determined by the r a t io  of s l o t  width to total 
charvlel periphery  rather than by the ratio of  open t o  closed  area 
af the slot ted w a l l .  

The results of this inv-estigatim of a variable Mach  numiber two- 
dimensional  supersonic tmel of fixed g e m t r y  indicate that: 

1. Controlled  variable Mach nmiber supersonic f l o w  can be 
generated In a fixed-gem- s lot ted channel by varying the pressure 
ratio  across the s lo t s .  

2. The i n i t i a l   r a t e  of.  expansion a t  the f r o n t  of the  slotted 
secCion is approxinataly equal. t o  that calculated frm the Prandtl- 
Meyer expansion for supersmic f low around a sh- corner. 

3 .  Decreasbg the r a t i o  of s lo t   a rea  t o  wall area in a given test 
, section  reduces tihe stream Mach n&er which can be generated a t  a 

given r a t i o  of chamber pressure to  stagnation  pressure. - 

to 1 fnch  lncreased  the Mach nmiber attained %elow M = 1.2; a t  h i & -  
4. For  given  operating  conditions,  increasfng s l o t  depth fram 1 inch 

. Mach nmibers the s l o t  depth made l i t t le difference. 

5.  E the air directed into the Slots  by the initial expansion 
. exceeds tha t  which will f l o w  through the narrowest section of the s l o t  

a t  the pressure difference amilable ,  the resultant change In f l o w  
direction produces crsnpressim and corresponding irregularities In 
Mach nmiber distribution along t he  chmnel. 

6 .  Increasing  the  distance between adjacent  slots  effected 
substantial improvelnent in the  velocity  distribution along the 
direction of flow. 

Langley Aeronautical hboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base., Va. 
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Figure 5.- Flow through rectanguhr tunnel with uniform longitudinal 
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